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ABSTRACT

Seagrass meadows within estuaries are highly
sensitive to increased supplies of nitrogen (N).
The urbanization of coastal watersheds increases
the delivery of N to estuaries, threatening sea-
grass habitats; both seagrass production per unit
area and the area of seagrass meadows diminish
as land-derived N loads increase. The damaging
effects of land-derived N loads may be lessened
where there are fringes of coastal wetlands inter-
posed between land and seagrass meadows. Data
compiled from the literature showed that produc-
tion per unit area by seagrasses increased and
losses of seagrass habitat were lower in estuaries
with relatively larger areas of fringing wetlands.
Denitrification and the burial of land-derived N
within fringe wetlands may be sufficient to pro-

tect N-sensitive seagrass habitats from the detri-
mental effects of land-derived N. The protection
furnished by fringing wetlands may be over-
whelmed by increases in anthropogenic N loads
in excess of 20-100 kg N ha™' y~'. The relation-
ships of land-derived N loadings, fringing coastal
wetlands, and seagrass meadows demonstrate
that different units of the landscape mosaic found
in coastal zones do not exist as separate units, but
instead are coupled and uncoupled by biogeo-
chemical transformations and transport among
environments.

Key words: wetlands; seagrass; nitrogen; salt
marshes; mangroves; coastal habitats; nutrient in-
terception.

INTRODUCTION

Land-derived nitrogen (N), largely of anthropo-
genic origin, is a major agent of change in estuaries
and coastal waters world-wide (GESAMP 1990;
NRC 1994). Such terrestrial inputs have increased
eutrophication in many of the world’s shallow
coastal waters; one of the consequences of this eu-
trophication is the loss of ecologically and commer-
cially important seagrass meadows (Valiela and oth-
ers 1992; Duarte 1995).

The coastlines of the world are bordered by zones
of fringing wetlands, such as salt marshes in tem-
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perate latitudes and mangroves in the tropics. In
general, such wetlands are located between the ter-
restrial watersheds that are sources of N and the
receiving estuarine waters, which are generally
subject to eutrophication. Salt marshes and man-
groves are sedimentary systems with relatively high
rates of denitrification and nitrogen burial (Valiela
and Teal 1979; Seitzinger 1988). The specific loca-
tion of these fringing wetlands—between land and
sea—and their relatively high rates of biogeochemi-
cal transformations suggest that coastal wetlands
may furnish a considerable environmental service,
intercepting land-derived N loads before the supply
of limiting nutrient reaches and alters the N-sensi-
tive seagrass habitats in the receiving estuaries (Va-
liela and others 2000).
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In this paper, we first confirm the sensitivity of
seagrass meadows to N loads and then examine the
possible role of coastal fringing wetlands in reduc-
ing the effects of terrestrial N loads. To accomplish
these two objectives, we compiled the published
data to comparatively define the dependency of
seagrass habitats on the land-derived N load and
then attempted to ascertain how the production
and area of seagrass habitats might be related to
areas of coastal wetlands.

METHODS

We first compiled the information available in the
literature for as many estuarine systems as we could
find on annual N loads; seagrass, macroalgal, and
phytoplankton production rates; and areas of past
and present seagrass (Table 1). N loads are shown as
kilograms of land-derived N entering each estuary
annually from the watershed, divided by total area
of the estuary. The total estuary area was the sum of
wetland area and open water area. We calculated
the percent of total production carried out by sea-
grasses in each estuary using data on phytoplank-
ton plus macroalgal production, or total production,
depending on what value was given by the sources.
Some sources provided estimates of loss of seagrass
habitat over recent decades, as shown in Table 1.

Salt marsh and mangrove areas for many estuar-
ies are compiled in Table 2. To estimate the poten-
tial interception of land-derived N in the areas of
these coastal wetlands, we multiplied the mean val-
ues of N losses via denitrification and burial by the
area of wetland in each estuary (Table 3). We then
compared the estimates of potential losses within
the wetlands to the annual land-derived N loads
reported in Table 2. This comparison allowed an
estimate of the magnitude of land-derived N poten-
tially intercepted by the area of wetland in each
estuary.

Many additional variables (water residence times,
hypsometry, sediment loads, area of the estuary,
and so on) must also affect the status of seagrass
meadows. Incidental to the data compilation that
produced Tables 1, 2, and 3, we also obtained data,
when possible, for these additional variables, which
varied broadly among the estuaries in the compila-
tion. We compared eelgrass production and loss to
these other variables, as well as to the area of fring-
ing wetlands.

RESULTS

Production and area of seagrass meadows were im-
paired under increased N loads (Figure 1). Primary

production by seagrasses as a percent of total pro-
duction varied considerably among different estu-
aries exposed to low land-derived N loads. Percent
seagrass production in estuaries subject to lower N
loads reached 90%, but the high percentages di-
minished sharply as land-derived N loads to estuar-
ies increased (Figure 1A).

The high sensitivity of seagrasses to increases in N
loads was also evident in data expressed as percent
of seagrass habitat lost from the estuaries vs N load
received by the estuaries (Figure 1B). Percent sea-
grass cover lost increased as land-derived N loads
increased; nearly the entire seagrass habitat cover
was lost in estuaries exposed to land-derived N
loads greater than 100 kg N per hectare of estuary
per year. These comparative results confirm previ-
ous conclusions that seagrasses are sensitive to the
N delivery regime (Sand-Jensen and Borum 1991;
Valiela and others 1992; Duarte 1995; Short and
Burdick 1996).

The more novel result of our comparative syn-
thesis is that nutrient-driven impairment of sea-
grass meadows diminished in the presence of larger
areas of fringing wetland (Figure 2). We arrive at
this conclusion from two different analyses of the
data. First, production by seagrasses as a percentage
of total estuary production increased linearly,
nearly 1:1, as the percentage of area in the estuaries
that was wetland ([wetland area/total estuary area]
100) increased (Figure 2A). This result suggests that
where there were relatively larger areas of coastal
wetlands, all other things apart, seagrass production
was higher relative to production by phytoplankton
and macroalgae.

Second, the relative loss of seagrass cover was
significantly smaller in estuaries with relatively
larger areas of fringing wetlands (Figure 2B). This
result suggests that the extent of the seagrass hab-
itat was linked in some fashion to the area of fring-
ing coastal wetland.

To make sure that the relationship between wet-
land area and seagrass status was not a spurious
relationship, we then plotted seagrass production
and seagrass loss vs other estuarine variables in our
compilation. Neither seagrass production/total pro-
duction or percent seagrass cover loss was signifi-
cantly related to either total estuary size, water
residence time, or mean depth (Table 4 and Figure
3). We therefore only found a clear-cut relationship
between relative area of wetland and seagrass sta-
tus.

We also compared the relationship for sediment-
laden southern estuaries and clean-water northern
systems and found that the wetland to seagrass
statistics did not differ. We should add that there



94 1. Valiela and M. L. Cole

Table 1.

Nitrogen Loads, Seagrass Production as ¢ C m~? y~ ! and as % of Total Primary Production, Loss

of Seagrasses, and Coastal Wetland Area Relative to Total Estuarine Area for Selected Estuaries

Seagrass Production Seagrass Wetland
N Load Loss Area
(kgNha 'y (gCm?y ") (%) (%) (%) Reference
Barnegat Bay 5 36 18 Kennish and Lutz 1984
Bass Harbor
Marsh 225 46 13 Kinney and Roman 1998
Bassin d’Arcachon 64 69 Castel and others 1996
Biscayne Bay 0 90 Roman and others 1983
Buzzards Bay Project, Costa 1988; Valiela and
Buttermilk Bay 77 44 Costa 1988
Nixon and Lee 1981; Thorne-Miller and others
1983; Thorne-Miller and Harlin 1984; Lee
Charlestown Pond 52 22 15 8 and Olsen 1985
Hoffman and Dawes 1997; Tomasko and Hall
Charlotte Harbor 42 29 19 1999
Short and others 1993; Valiela and others
Childs River 601 0 100 2 1997a, 1997b
Orth and others 1992; Eaton and Kimsey 1993;
Chincoteague Bay 31 42 34 Boynton and others 1996
Cambridge and others 1986; Cambridge and
Cockburn Sound 103 81 Hocking 1997
Corpus Christi 13 33 29 Morgan and Kitting 1984
Short and others 1993; Valiela and others
Eel Pond 93 95 15 1997a, 1997b
Ems-Dollard 610 0 3 Nienhuis 1992
Great Bay 252 27 18 Short and Mathieson 1992
Great South Bay 20 53 22 Nixon and others 1994
Green Pond 137 100 5 Kroeger and others 1999
Grevelingen 40 4 18 Nienhuis 1992
Short and others 1993; Valiela and others
Hamblin Pond 15 28 34 1997a, 1997b
Short and others 1993; Valiela and others
Jehu Pond 22 7 52 1997a, 1997b
Day and others 1982; Deegan and others 1986;
Laguna Terminos 68 45 Bianchi and others 1999
Tubbs and Tubbs 1983; Lowthion and others
1985; Montgomery and others 1985; den
Langstone Harbor 637 100 10 Hartog 1994
Mashpee River 167 100 20 M. L. Cole unpublished
Hyland and Butler 1988; Hyland and others
1989; O’'Donohue and Dennison 1997;
Moreton Bay 24 183 46 6 O’Donohue and others 2000
Nauset Marsh 11 716 45 35 Roman and others 1990
Oosterschelde 50 0 1 2 Nienhuis 1992
Nixon and Lee 1981; Thorne-Miller and others
1983; Thorne-Miller and Harlin 1984; Lee
Point Judith Pond 34 175 67 and Olsen 1985
Nixon and Lee 1981; Thorne-Miller and others
1983; Thorne-Miller and Harlin 1984; Lee
Potters Pond 94 140 38 and Olsen 1985
Short and others 1993; Valiela and others
Quashnet River 350 0 100 12 1997a, 1997b
Roskilde Fjord 204 250 34 Nienhuis 1992
Short and others 1993; Valiela and others
Sage Lot Pond 14 45 14 54 1997a, 1997b
Deegan and others 1986; Bianchi and others
Sarasota Bay 56 30 11 1999
Deegan and others 1986; Bianchi and others
Tampa Bay 28 65 6 1999
Short and others 1993; Valiela and others
Timm'’s Pond 8 17 44 1997a, 1997b
Nixon and Lee 1981; Thorne-Miller and others
1983; Thorne-Miller and Harlin 1984; Lee
Trustom Pond 40 341 80 and Olsen 1985
Veerse Meer 340 125 1 Nienhuis 1992
Venice Lagoon 130 600 Sfriso and others 1992; Sfriso and Ghetti 1998
Wadden Sea 500 0 3 Nienhuis 1992
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Table 3. Denitrification and Burial Rates Measured in Wetland Sediments

Rate

(kg Nha 'y

Reference

Salt marsh denitrification 78.5

92.0

120.5

10.2

76.1

12.6

9.5

Mangrove denitrification 7.3

7.9

4.4

6.6

22.9

14.8

0.0

0.4

0.3

0.2

4.0
Salt marsh burial 37
41

Kaplan and others 1979

White 1994

Haines and others 1977

Abd Aziz and Nedwell 1986
Koch and others 1992

Joye and Paerl 1994

Thompson and others 1995
Corredor and others 1999
Corredor and others 1999
Corredor and others 1999
Corredor and Morell 1984
Corredor and Morell 1984
Rivera-Monroy and Twilley 1996
Rivera-Monroy and Twilley 1996
Rivera-Monroy and Twilley 1996
Rivera-Monroy and Twilley 1996
Kristensen and others 1998
Nedwell and others 1994

White 1994

Valiela and Teal 1979

was no significant relationship between land-de-
rived N load and percent wetland area (r = 0.36,
ns), so there was no issue of colinearity among
these two presumed independent variables
(Petraitis and others 1996).

In our analysis, we did not ignore the other es-
tuarine variables; we merely asked whether we
could see significant relationships between areas of
wetlands and seagrass survival that emerged above
the scatter created by the many additional variables.
This is both a weakness and an advantage of the
comparative approach we employed. The weakness
is that it is difficult to identify cause—effects given
the large scatter of the data; the advantage is that
we can compare many and diverse systems. The
overall result of the data compilation in Figures 1
and 2 was that both productivity and areal cover by
seagrass meadows seemed significantly impaired by
larger land-derived N loads to the estuary, but the
detrimental effect was lower where relative area of
coastal fringing wetlands was larger.

DiscussioNn

The mechanisms underlying the effects of N loads
that we report in Figure 1 are reasonably well un-
derstood: Seagrasses are highly sensitive to reduc-
tions in light availability (Dennison and Alberte
1982; Zimmerman and others 1987), and increased

N loads indirectly lower the light supply as they
increase the biomass of phytoplankton (Tomasky
and others 1999), macroalgae (Hauxwell and others
1998), and epiphytes (Borum 1985), all of which
intercept light that would otherwise reach the sea-
grasses. In particular, in our Cape Cod work, we
found that land-derived N loads to the estuary in
excess of 20-30 kg N ha™' y~! were sufficient to
decrease seagrass cover, production, and the extent
of meadows (Hauxwell 2001; Hauxwell and others
1998). From our compilation of data from a wider
variety of geographical sites (Figure 1B), we con-
cluded that there was a 50%-100% reduction in
seagrass production and habitat area as land-de-
rived N loads exceed 100 kg N ha~! y~'. Land-
derived N loads from 20 to 100 kg N ha™' y™*
therefore seem to be a critical range for seagrass
meadows in shallow coastal waters.

The identity of the mechanism underlying the
possible mitigating effect of coastal wetlands is less
well established. We, and others, conjecture that
denitrification and N burial rates in fringing wet-
lands (Seitzinger 1988) may be high enough to
intercept some considerable portion of land-derived
N loads (Corredor and Morell 1994; Rivera-Monroy
and others 1995, 1999; Rivera-Monroy and Twilley
1996).

To assess whether it is at all reasonable to think
that the interception of land-derived N by fringing
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Figure 1. (A) Seagrass production and percent seagrass
production as percent of total production vs land-derived
nitrogen load to the estuary. (B) Percentage of area of
seagrass habitat lost (over last 10-30 years) in several
estuaries plotted vs the corresponding land-derived N
load. Data from Table 1. **P < 0.01; ***P < 0.001.

wetlands might be quantitatively significant as a
mechanism permitting seagrass survival, we used
available data on the rates of denitrification and N
burial (Table 3), area of wetland (Table 2), and
land-derived N loads (Table 2) for as many sites as
we could find in the literature. With these data, we
calculated the potential loss of land-derived N that
might take place as the N traveled from land
through the fringing coastal wetlands on its way to
the deeper waters. We simply wanted to see if the
interception was likely to be large enough to mat-
ter.

The ratio of land-derived N to potential loss in the
wetlands ranged from small fractions to many-fold
(Figure 4A). The differences depended on the di-
mensions of the wetland relative to those of the
estuary. Our calculation assumed that denitrifica-

100+
% sg pro = 1.117(%wetland) + 2.668 F=33.5***

801

60
T 11 line

- e

20

(Seagrass production/total
production)100

0 10 20 30 40 50 60

1004 @@ (1) [

% sg lost = 118.130 * 10 -0.019(Nicad)  p=g 7+
80
60

40

20+

% seagrass cover lost

0 10 20 30 40 50 60
(Wetland area/total estuary area)100

Figure 2. (A) Seagrass production expressed as percent
of total production in many estuaries plotted vs the area
ot fringing wetland expressed as percent of total estuary
area. (B) Percent of area of seagrass habitat lost (over last
10-30 years) plotted vs the percent of area of the estuary
made up by fringing wetland. Data from Table 2. *P <
0.05; ***P <0.001.

tion and burial rates did not change as N loads
change, but denitrification rates may increase as the
availability of nitrate increases (Seitzinger 1988), so
our values may underestimate actual rates.

There was broad variation in the potential inter-
ception of terrestrial N within the wetland fringe of
the various estuaries. To avoid the influence of the
high values, we can focus on the median intercep-
tion, which was 27% of the land-derived loads
(Figure 4A). The sensitivity of seagrasses to N loads
may be high enough that this interception could be
sufficient to furnish a measure of protection to sea-
grass meadows. We know that even smaller
changes have biological consequences. Subtle but
consistent changes, such as a 2°C change in mean
global temperature or a 1-2 cm rise in sea level,
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Table 4. Results of Regression analyses of Seagrass Loss and production in Relation to Total Area of the

Estuaries, Water Residence Time, and Mean Depth

% Seagrass Cover Loss

% Seagrass Production

n F R’ n F R’
Variable
Total estuary area (ha) 17 1.60 ns 0.096 24 0.28 ns 0.013
Water residence time (d) 13 0.05 ns 0.050 24 0.37 ns 0.004
Mean depth (m) 13 0.03 ns 0.003 13 0.76 ns 0.087

n, number of estuaries; F, F ratio for regressions; R?, coefficient of determination; ns, not significant
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Figure 3. (A) Seagrass production expressed as percent
of total production and percent seagrass cover loss in
many estuaries plotted vs water residence time expressed
in days. (B) Percent seagrass production and seagrass
habitat lost (over last 10-30 years) plotted vs mean water
depth expressed in meters.

have been repeatedly shown to have significant
biological effects.

We should note that it was not our intent here to
balance the many important N inputs and outputs
that occur within estuaries, such as denitrification,
burial, N fixation in bare sediments, particle trans-
port, tidal exchanges, and other processes that
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Figure 4. (A) Frequency distribution of values for per-
cent land-derived N load (in kg y~' for the entire water-
shed) that is potentially removed within fringing wet-
lands by denitrification and burial in each of many
estuaries. Black bars refer to salt marshes (sm); white bars
refer to mangrove swamps (m). (B) Estimates of potential
interception of land-derived loading (in rates of kg Ny~ ')
plotted vs land-derived N load expressed as a per unit of
estuary area basin (kg N ha™! y™!). The gray area shows
the “critical” range of land-derived N loads for seagrass
meadows. Data from Table 2.
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occur in different parts of estuaries. Such an N
budgeting for each estuary is beyond the scope of
this paper. Rather, in compiling Figure 4 we limited
ourselves to considering whether the potential
losses of available N within the wetland fringe—the
portion of estuarine habitat that is positioned to first
receive land-derived N inputs—might be of a mag-
nitude that would reasonably affect the throughput
of terrestrial N to the seagrass habitats down-estu-
ary, so that it might be reasonable to suggest that
the interaction was a mechanism underlying the
relationships shown in Figure 2.

Potential percent removal was lower where an-
thropogenic sources have added to the N loads (Fig-
ure 4B). Across the critical range of loads that we
found impaired seagrasses (20-100 kg N ha™' y™*
on the x-axis of Figure 4B), wetlands may intercept
anywhere from nil to more than 100% of the land-
derived N load (Figure 4B). Beyond 100 kg N ha™*
y !, retention in the fringing wetlands was less
than 10% (Figure 4B). This suggests that the natu-
ral water quality “subsidy” that results from the
fringing marshes may be overwhelmed by high
loads that can be generated by changes in land use
on coastal watersheds. Where N loads are lower
than 100 kg N ha™' y~', however, fringing wet-
lands may retain sufficient land-derived N to pro-
tect seagrass meadows. We note that 67% of the
sites included in Figure 4B are exposed to land-
derived N loads of less than 100 kg N ha™! y~'. This
means that in about two-thirds of the reported
cases, coastal wetlands contributed a possible ben-
efit for seagrass meadows.

The exchanges between terrestrial land-use mo-
saics, fringing wetlands, and seagrass meadows that
are implied by our results suggest that adjoining
parcels of land and waterscapes are not isolated
units. Rather, recognizably different ecosystems,
each with distinctive fauna and flora, are connected
to one another. In our case, the transport of N from
land links—and influences to some degree— condi-
tions in seagrass ecosystems. If a sufficient area of
fringing wetland is interposed between land and
seagrass meadow, the linkage may be mediated by
biogeochemical transformations within the fringing
wetlands; but as anthropogenic activities on land
increase, the land-derived N loads may overwhelm
the ability of wetlands to protect N-sensitive sea-
grass meadows. In many parts of the world, there
have been extensive losses of areas of coastal wet-
lands by habitat destruction (Mitsch and Gosselink
2000; Valiela and others Forthcoming). Where wet-
lands have been lost, it is also likely that protective
subsidies provided by these wetlands have also been
lost.
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